Abstract Catalytic chemical vapor deposition (CCVD) is one of the most promising synthesis methods for economically producing large quantities of different nanocarbon structures. Here we report a systematic study of the synthesis conditions for the preparation of different nanocarbon morphological structures via acetylene decomposition over the surface of quaternary-metallic catalyst (Fe-Ni-Co-Mo) supported on MgO (Fe-Ni-Co-Mo/MgO). In particular, the effect of temperature, and the reaction time were investigated to optimize the yield, quality, size and graphitic crystallinity of the deposited carbon. The study showed a successful synthesis of: (i) a high-yield and quality bamboo-like multiwalled carbon nanotubes (b-CNT), (ii) hybrid graphene/carbon nanotubes (G/CNT), and (iii) multilayer graphene (MLG). The structures of the obtained products were characterized by HR-TEM, TGA, Raman spectroscopy, FTIR and X-ray diffraction. The results found seem essential for realizing the role of different synthesis parameters on the yield, quality, and morphology of the synthesized product. 
Introduction
Carbon nanostructures like fullerenes [1] , nanotubes [2] , nanoonions [3] , nano-horns [4] and hybrid graphene/carbon nanotubes (G/CNT) structures [5] exhibit numerous remarkable mechanical, optical, electrical, and thermal properties that make them promising materials for use in a large number of many industrial applications, especially in the field of nanotechnology. Various methods have been used to grow carbon nanotubes (CNT) such as arc discharge [2] , by laser-ablation migration into the bulk of the catalyst, and affects the segregation to the surface [21] .
The high melting point and low equilibrium vapor pressure of these metals also provide a widely suitable temperature range for a large number of hydrocarbons [23] . The catalytic activity of the catalyst is closely related to the kind of substrate; because the same catalyst may have different catalytic activities when deposited on different substrates. In general, SiO 2 , MgO, and Al 2 O 3 are the commonly used substrate [23] . Among various catalyst supports, MgO possesses the advantage of being removed easily from the CNT products by acids. It is also well-known that the gel combustion method is suitable for preparing highly dispersed metal particles supported on cubic MgO particles.
The mixture of active catalysts, which contains two kinds of active metals or the mixture of an active metal and co-catalytic weak-active metal include Mo and Mg mixed with Fe or Co, are also frequently used in the synthesis of the CNT [18, 24, 25] . CNT can be synthesized in a wide temperature range of 500-1100°C, in which increasing the temperature dramatically increases the diameter and diameter distribution, and in some cases the length of the CNT [20, 26] . Also, multi-walled carbon nanotubes (MWCNT) are in dominant position at lowtemperature 500-850°C, while single-walled carbon nanotubes (SWCNT) begin to succeed the majority at high temperature.
Hydrogen flow rate is a crucial parameter for the CNT growth during catalyst pretreatment step and in CNT growth step. The most important role of hydrogen is to change the surface morphology of the catalyst during the pretreatment process [27] . Hence, it is necessary to perform reduction in a pure, dry H 2 flow at a relatively high temperature; this temperature is in the range of 800-1300 for a total reduction of the transition metal ions [28] . Hydrogen can also prevent amorphous carbon formation by etching away the amorphous carbon formed during CNT growth [27] .
Based on the above considerations, it is believed that the use of a mixture of the metallic catalysts provides interesting results, despite the fact that the interpretation of the results would be more complicated. In the present work, a quaternary metallic Fe-Ni-Co-Mo supported on MgO (Fe-Ni-Co-Mo/ MgO) catalyst has been utilized with the aim of increasing the productivity and improving the quality of different nanocarbon morphological structures by catalytic chemical vapor deposition method using C 2 H 2 as a carbon source. The influence of operating parameters, especially the temperature and the growth time on the quality, yield and morphologic change of the products, were studied. In addition, a microstructural characterization with high-resolution transmission electron microscope (HR-TEM) was done to analyze the morphology of the obtained nanocarbon. Thermogravimetric analysis (TGA) and Raman spectroscopy were applied to determine the phase purity and quality, respectively.
Experimental

Catalyst preparation
Fe-Ni-Co-Mo/MgO catalyst was prepared by sol-gel method. O precursors were mixed together with sorbitol as a fuel under con-tinuous stirring and aged at 100°C for 3 h to obtain a uniform gel. Proper amounts of the individual precursors were mixed to get a catalyst with molar ratios of 2.0:0.5:1.0:0.25:12 for Fe:Ni: Co:Mo:MgO. The gel was dried at 100°C for 3 h, followed by flash calcination for 30 min in a muffle furnace. The obtained powder will be hereafter denoted by Q-catalyst.
For the carbon deposition synthesis, it is necessary to perform wholly reduction of the transition metal ions [28] . The reduction of Q-catalyst is performed under pure hydrogen gas flow with a flow rate of 400 sccm at 1000°C for 60 min. To avoid rapid oxidation in contact with air, the samples were passivated in an argon atmosphere and left to cool down [29] . This powder hereafter is designated as RQ-catalyst.
Synthesis of carbon nanostructures
For catalytic chemical vapor deposition (CCVD) synthesis of carbon nanostructures, we have used a tube-type heating furnace consisting of two parts, the first part is a tubular furnace, and the other part is its controller. A quartz boat loaded with 80-100 mg of the catalyst powder was placed in the middle of 1-inch diameter quartz tube. The upper temperature limit of the furnace is 1200°C. The carbon source is acetylene, balanced by hydrogen. In a first phase, Argon gas was passed through the system for purging and removing any contamination, and then the catalyst pretreatment step took place with a fixed pretreatment process by passing hydrogen gas with a flow rate 400 sccm for 60 min at 1000°C. After reaching the desired temperature of the CNT growth step, acetylene gas of a flow rate (50 sccm) was passed with hydrogen of a flow rate (400 sccm), with a growth atmosphere composition of a ratio C 2 H 2 :H 2 (1:8) to initiate CNT synthesis. Once the reaction was completed, acetylene and hydrogen flow was turned off, and argon gas was allowed to prevent the oxidation of the samples till room temperature. The effect of temperature on the yield of CNT was examined for 30 min by varying the temperature between 750 and 950°C at the same pretreatment process and the same growth atmosphere composition ratio (Section 3.2.1). The effect of growth time (15, 30, 60 , 90 and 120 min) at 800 and 950°C on the graphitization and yield of the deposited carbon was examined at the same pretreatment process and under the same growth atmosphere composition ratio (Section 3.2.2).
The yield of carbon product after the reaction was calculated using the following formula:
where w cat and w tot are the weights of the catalyst before and after the reaction, respectively. The collected black products were characterized without any further purification to identify the influence of catalyst particle size and position in the carbon nanostructures during studying the effect of time and temperature that help in the interpretation of the mechanism of formation.
Characterization techniques
Powder X-ray diffraction (XRD) patterns were recorded using Thermo Fisher Scientific Inc. Device model ARL TM X'TRA Powder Diffractometer.
For qualitative characterization of the carbon deposit on the surface, products were imaged by TEM and highresolution transmission electron microscope JEOL2100 -200KV. For sample preparation, the synthesized sample dispersed in ethanol by ultrasonication was dropped on carboncoated copper grid and then allowed to dry at room temperature overnight. So as to reduce the damage to the sample from the high energy electron beam all measurements were done at 200 kV.
Defects and graphitic nature were studied by Raman spectroscopy, using Dispersive Raman microscope & spectrometer (Bruker Sentra) setup and with an output power of 10 mW at a 532 nm wavelength.
Thermogravimetric analysis (TGA) was performed using Thermogravimetric analyzer (TGA) Q500 under atmospheric air in the temperature range of 30°C to 950°C with a heating rate of 10°C/min. TGA curves of as-grown CNT samples were taken without any purification as well as the carbonaceous samples treated at different oxidation temperatures.
Scanning electron microscopy (SEM) and energy dispersive x-ray (EDX) for investigating the catalyst particles morphology and surfaces analysis, (SEM/EDX) were performed using a JEOL JEM-200CX at an accelerating voltage 120.
FTIR spectra were carried out between 400 and 4000 cm À1 using a Perkin-Elmer B25 spectrophotometer. All measurements were carried out with 64 scans at a resolution of 2 cm À1 at room temperature.
Results and discussion
Characterization of the catalyst
The XRD patterns of the as prepared Fe-Ni-Co-Mo/MgO (Qcatalyst) powder, Fig . After performing a reduction at a higher temperature, metal support interaction with the formation of intermetallic compounds was observed [30] . The SEM images of the prepared catalysts before and after reduction are shown in Fig. 2 . It was observed that the Qcatalyst, shown in Fig. 2 (a) and (b) consists of relatively large particles distributed at the surface of the MgO grains. The average particle size was found to be about 228 ± 44 nm. After performing the reduction process, the SEM observation of the RQ-catalyst ( Fig. 2 (c) and (d)) reveals that the catalyst surface is more uniform with few sintered metallic particles (bright spots) located on the surface, but most of them are dispersed in the MgO matrix.
Both the Q-catalyst and that after reduction (RQcatalyst) were examined by EDX (see Fig. S1 in supplementary materials). The spectrum of Q-catalyst ( Fig. S1(a) ) confirms that the catalyst is mainly composed of metal oxides of Fe, Co, Ni, Mo, and Mg. The spectra in Fig. S1 (b) showed that the oxygen content in the catalyst is significantly reduced after reduction.
Synthesis and characterization of carbon nanostructures
Two different parameters (temperature and time) on the growth of the deposited carbon were investigated in this work.
The effect of reaction temperature
The deposition of nanocarbon products was carried out by decomposition of C 2 H 2 at various temperatures between 750 and 950°C at fixed pretreatment process of the Q-catalyst, using 400 sccm for 60 min at 1000°C, and constant growth atmosphere composition ratio C 2 H 2 :H 2 (1:8) for 30 min. These starting parameters were expected to give reasonably good CNT growth. It is obvious from Fig. 3 that the amount of obtained carbonaceous products increased with increasing the temperature, whereby the highest yield (of about 454%) was obtained at 950°C. The as-produced carbonaceous deposit at 750 and 800°C was soft and a spongy structure with a low density, while that grown at 900 and 950°C was more dense structure density as shown in the Optical image Fig. S2 . At lower temperatures, the catalytic metal atoms could be not mobile enough to aggregate together into particles to nucleate and grow carbon nanotubes, which in turn decrease the yield of the carbon deposited. On the other hand, catalytic metal atoms might become so mobile that the particles aggregate to large size at higher temperatures which enhances the nucleation and growth of the carbon nanotubes; yielding a high yield of carbon deposit [31] .
The morphologies of the carbonaceous deposit obtained were characterized by HR-TEM as shown in Fig. 4 . Bamboo-like carbon nanotubes (b-CNT) with an average diameter 14-25.5 nm and a thin wall of thickness 2-6 nm are observed from Fig. 4 (a) and (b) for the carbon grown at 800°C. In addition, some distorted b-CNT with nonuniform diameter along the length was also observed. By increasing the temperature condition up to 950°C, also bamboo-like carbon nanotubes (Fig. 4(c) and (d)) with large diameters 80-96 nm and thick walls of thickness 20-33 nm are distinguished. The growth of CNT has generally explained a dissolving-diffusion-precipitation model [32] . Carbon source molecules such as C 2 H 2 are absorbed on the surface of metallic catalyst particles and decompose into hydrogen and carbon, and then the carbon diffuses on top of the catalyst particles. The carbon atoms diffuse by surface route or bulk route and precipitate on the opposite side of catalyst to form carbon nanotubes. The growth process of the b-CNT may be divided into two types of mechanism via the root and top growth [33] . Careful examination of the HR-TEM images of the obtained CNT under these conditions displayed catalyst particles are found at the tip of CNT, suggesting that the growth was in the tip mode. The tip mode in the present case is probably due to the weak interaction between the Fe-Ni-Co-Mo particles with MgO. The bamboo-like structure suggests a sheath growth mechanism [34] , where the dissolved carbon diffuses into the bottom side of the catalyst, and the carbon segregates to form nanotubes. Based on previously reported results [35] , we assume that the Ni and Fe are responsible for the formation of the bamboo-like structure of the deposited carbon.
Characterization of CNT using thermogravimetric analysis and Raman spectroscopy can also provide useful information regarding the purity and crystallinity of the nanotubes. Fig. 5 illustrates the thermogravimetric curves of the as-grown carbonaceous deposit at various temperatures. CNT has a different oxidation temperature than the other carbonaceous product. The oxidation temperature of amorphous carbon is between 200 and 450°C, and CNT are oxidized between 500°C and 800. As observed in Fig. 5 , no weight loss is noted below 550°C, indicating that there was almost no amorphous carbon formation under this growth conditions. In some cases, weight loss due to carbon oxidation is often superimposed on the weight increase due to catalyst oxidation; this leads to an upward swing of the TGA curve prior to the bulk of the weight loss.
Generally, graphitic carbon materials exhibit a Raman G band at around 1580 cm À1 , peak G is assigned due to first order scattering of E 2 g phonons in sp 2 bonded carbon atoms [36] , representing the tangential stretching mode of the graphite C‚C bond, which is attributed to the vibration of sp 2 -bonded carbon atoms in a two-dimensional hexagonal lattice [37] , and characteristic D band at 1350 cm À1 due to breathing mode j-point phonons of A 1 g symmetry that associated with sp 3 bonded carbon atoms in disordered graphene [36] . The G band represents the most prominent original graphite features, whereas the D band is known to depend on the disorder features of the hexagonal graphitic layers as well as the presence of small crystallites [38] . Intensity ratio of D and G band, i.e. I D /I G ratio reflects disorderness in the material [39] . In addition, the G' or 2D at 2700 cm À1 was assigned to graphene structure [40] . From the spectra displayed in Fig. 6 , the calculated I D /I G ratio was found to be 1.028 and 0.992 for CNT grown at 800 and 950°C, respectively. These results indicate that the CNT obtained at higher temperatures are a relatively more ordered graphitic structure compared with that obtained at a lower one [41] .
X-ray diffraction (XRD) of CNT grown at 800 and 950°C is shown in Fig. 7 . The presence of intense diffraction characteristic peak of CNT at 2h = 26.6°(0 0 2) confirms the highly graphitic structure of the CNT of both samples [42] . The other peaks detected are probably due to the presence of the catalyst.
Fourier transform infrared (FTIR) spectroscopy was carried out to check whether there are any functional groups present on the surface of CNT grown at 800 and 950°C. As shown in Fig. 8 , the FTIR spectra displayed bands at 1380, 1421, 1630 and 2921 cm À1 which are assigned to CAH deformation vibration from aliphatic ACH 3 and ACH 2 , C‚C stretching mode, and ACH stretching mode, respectively. The appearance of a broad band at 3434 cm À1 is attributed to AOH stretching of moisture adsorbed on the surface of CNT [43] . These results indicate that there are no significant peaks that are related to any unexpected functional groups on the surface of the obtained CNT.
So in the next section, a systematic study will be carried out to investigate the effect of reaction time on the yield and quality of carbon deposited at 800 and 950°C, respectively.
The effect of reaction time
To investigate the influence of reaction time on the yield, purity, quality and morphology of carbon deposit, a set of experiments was carried out at various growth times between 15 and 120 min at two chosen temperatures 800 and 950°C, with fixed Q-catalyst pretreatment process, and a constant growth atmosphere composition ratio C 2 H 2 :H 2 (1:8). The results obtained Fig. 3 The effect of varying temperature between 750 and 950°C on the yield of deposited carbon at similar pretreatment process and growth atmosphere composition ratio C 2 H 2 :H 2 (1:8).
at 800°C showed that the carbon yield increases from 115 to 3623% with increasing the growth reaction time from 15 to 120 min. The deposited carbon yield was found to be about 115, 412, 1823, 2200 and 3632% for the growth times 15 min, 30 min, 60 min, 90 and 120 min, respectively. The low yield at a relatively short time is expected due to the less carbon source accumulation. Comparison between obtained yields with others reported previously using bimetallic or trimetallic catalysts under almost similar growth conditions [19, 44, 45] indicates that the use of the quaternary catalyst is more efficient for obtaining high yield and quality of CNT.
The observation of the HR-TEM images of the deposited carbon synthesized under these conditions exhibited several morphological structures, for growth reaction time 15 min ( Fig. 9(a) and (b) ) and 30 min (Fig. 4(a) and (b) ), shows the deposited carbon exhibit bamboo-like structure with comparable diameters ranging from 14 to 26 nm. The presence of the bamboo-like CNT decreases as the reaction time increases. For 60 min growth time, the diameter of obtained CNT was found to be in the range of 29-55 nm (Fig. 9(c) and (d) ). For 90 min growth time (Fig. 9(e) ), fewer CNT could be observed having a diameter ranging from 65 to 75 nm, (Fig. 9(f) ) demonstrates that the CNT possesses some cracks. In addition, graphene/carbon nanotubes (G/CNT) hybrid structure agglomerated with the catalyst particles were observed, most of the tubes are distorted with a tip opening transforming to graphene nanoribbons (GNR) as shown in (Fig. 9(g ) and (h)), more HRTEM images of the grown CNT for 90 min growth time are provided as Fig. S3 . By increasing the growth time to 120 min ( Fig. 9(i) and (j) ), almost no CNT was observed; instead, numerous overlapping graphene sheets and graphene flakes with catalyst agglomeration were observed. The formation of graphene may be attributed to the high loading of catalyst transition metal particles (Fe, Co, Ni) which promote hydrogenation and unzipping of CNT [46] . Hydrogen is known to dissociate from molecular into the atomic form on the surface of metallic particles at moderately high temperatures, and can also migrate to the carbon according to the ''spillover" mechanism known to occur in many catalytic hydrogenation reactions [47] . However, the catalyst nanoparticles, probably encapsulated inside the CNT, could be exposed to the hydrogen atmosphere at high temperatures. If so is happened, the particles become active and are capable of cutting the CNT from the inside of the tubes, thus producing carbon nanoribbons and nanosheets [48] . The mechanism suggested in unzipping CNT is simply removing lines of the covalent carbon bonds or carbon atoms from the CNT walls leading to etch the CNT walls [5] . The etched walls then become flattened to graphene which possesses more stability compared to the rolled CNT due to the existence of curvature energy, thus, the carbon layers at the outmost walls tend to unfold and form multi-layers graphene flakes and sheets [14, 15, 46, 49, 50] . This process could be performed in a sequential manner, starting from the outmost wall; leading to the formation of many graphene flakes and graphene ribbons adhering onto the CNT walls. However, if the etching of CNT process is carried out successively, the whole CNT will be transformed into (MLG).
The Raman measurements were taken over the CNT synthesized under these conditions are summarized in Table 1 . In general, I D /I G ratio has been often used to correlate the structural purity of graphitic materials to the graphite crystal domain size, and the intensity of the D band is considered defect dependent. The listed I D /I G ratio in Table 1 indicates good graphitization of all samples. The increase in I D /I G value from 0.24 to 0.99 with increasing growth time from 15 to 30 min may be related to decrease in the quality of CNT and/or to the increase in the number of CNT walls and tube diameter [51] . Further increase in growth time leads again to improve the quality of the carbon deposited, and this behavior may be attributed to the restructuring into high crystalline gra- phene sheets. Further increase in growth time leads again to improve the quality of the carbon deposited, and this behavior may be attributed to the restructuring into high crystalline graphene sheets. It is worth pointing out the graphene, which is observed from the HR-TEM analysis (seen in Fig. 9 ) can also be identified by analyzing the peak intensity ratio of the 2D and G bands [52] . As can be seen from Table 1 , the I 2D /I G ratio of these bands, which characterizes the interlayer interaction between graphene layers, indicated that the carbon crystallinity has the category of many layer graphene (MLG) and was found to decrease from 0.29 to 0.26 with increasing the reaction time from 90 to 120 min, indicating that the number of graphene layers is slightly increased [53] , which is also identified by the shift of the 2D peak position (shown in Table 1 ) from 2691 to 2759 cm À1 for the obtained graphene at growth time 90 and 120 min, respectively [53] . The peak shift toward higher frequency is a result of interactions between the stacked graphene layers [52] .
The TGA curves of as-grown samples, as shown in Fig. 10 , demonstrates that there was almost no amorphous carbon formed under the investigated conditions, this is attributed to the presence of hydrogen during CNT growth which can prevent amorphous carbon formation by etching away the amorphous carbon formed during CNT growth [27] . Generally, the thermal stability of CNT depends on several factors such as CNT diameter [54] , severity of purification conditions [55, 56] and heating rate in temperature-programmed experiments [55, 56] . It is obvious from Fig. 10 that thermal stability of the obtained samples was enhanced with increasing the growth time due to increase in the degree of crystalline perfection and oxidative stability, where defects would annealed out as the growth time increased [57] , beside that the grown samples were characterized with higher thermal stability than purified ones because the catalyst particles promote the oxidative decomposition, thus resulting in higher oxidation stability.
Typical X-ray diffraction (XRD) pattern of CNT grown at 800°C for growth reaction times 15 min, 30 min, 60 min, 90 and 120 min are shown in Fig. 11 . A sharp diffraction characteristic peak at h = 26.6°(0 0 2) corresponds to the structure of CNT which was observed for the samples grown at growth times up to 30 min [42] . Further increase in growth time up to 60 min leads to the broadness of this peak which is probably due to formation of multi-layers graphene structure beside the CNT. For growth time of 90 min, the characteristic peak of multi-layers graphene structure at h = 25.9°was observed [58] . These results are consistent with HRTEM analysis of morphological structure of the obtained nanocarbon under different growth time.
For the reaction carried out at 950°C, the obtained carbon deposit was found to be about 202, 445, 867, 1289 and 1468%, for the growth times 15, 30, 60, 90 and 120 min, respectively.
HRTEM images of the deposited carbon synthesized under these conditions also showed several morphological structures (Fig. 12) . As can be seen, for the growth time 15 min the deposited carbon exhibits a bamboo-like structure with a diameter ranging from 15 to 20 nm (Fig. 12(a) and (b) ) and the majority of the tubes are uniform. Increasing the growth time up to 30 min leads to the formation of thicker CNT with a diameter ranging from 89 to 96 nm as described before (Fig. 4(c) and (d) ). Further increase in growth time to 60 min leads to the formation of G/CNT hybrid structures, as shown in Fig. 12(c) and (d) . For growth time 90 min, a few numbers of CNT and multi-layers graphene sheets were observed ( Fig. 12(e) and (f) ). When the growth time increased to 120 min, the formation of the multi-layer graphene sheets predominates as observed from Fig. 12(g ) and (h) there was no CNT present. It is obvious that the formation of G/CNT starts at shorter reaction time (60 min) at higher temperature (950°C) compared with lower reaction temperature (800°C) which took place at longer reaction time (90 min), this results may be attributed to the high activation of the catalyst particles (Fe, Co, and Ni) toward the hydrogenation reaction and unzipping of the formed CNT that lead to the transformation of CNT into graphitic layers. The morphological structures of the obtained nanocarbon under these conditions were confirmed from XRD measurements (Fig. S4) The Raman results, as shown in Table 1 , the I D /I G ratio indicates that the obtained CNT under these conditions is of good graphitization. The quality of the CNT (I D /I G ) decreases with increasing the growth time up to 30 min. Further increase in growth time improved again the quality of the carbon deposited, but in this case, graphene sheets are formed, which is observed from the HR-TEM analysis (seen in Fig. 12 ), this can also be identified by analyzing the peak intensity ratio of the 2D and G bands as shown in Table 1 . The I 2D /I G ratio of these bands means that the carbon crystallinity has the category of many layer graphene (MLG). As the reaction time increases from 60 to 120 min, The I 2D /I G ratio increased, which is attributed to the slight increase in the number of graphene layers [53] . This is also identified by the shift of the 2D peak position from 2689 to 2734 cm À1 [53] . The 2D peak position (shown in Table 1 ) for the deposited graphene is shifted toward Fig. 12 HR-TEM images of the carbon deposited at 950°C for various growth times (a,b) for 15 min, (c,d) for 60 min, (e,f,) for 90 min and (g,h) for 120 min. a higher frequency with increasing the graphene layers as a result of the increase in the interaction between the stacked graphene layers [52] .
A comparative TGA weight loss of as-grown samples under these conditions showed that the oxidization temperature occurs above 600°C, indicating that there was almost no amorphous carbon formation under such conditions.
Conclusion
In this work, a quaternary metallic catalyst supported by MgO (Fe-Ni-Co-Mo/MgO) was synthesized, characterized, and employed for carbon nanostructures production. The carbon nanostructures have been synthesized by the decomposition of C 2 H 2 over the Fe-Ni-Co-Mo/MgO catalyst. A systematic study was conducted to evaluate the role of hydrogen and the effect of temperature and growth time in the synthesis of carbon nanostructures by the catalytic chemical vapor deposition using Fe-Ni-Co-Mo/MgO as a catalyst. The nanotubes grown were found to have a bamboo-like structure. The CNT grown have the tip-growth mechanism. Besides the formation of CNT, graphene sheets were obtained by catalytic hydrogenation of the formed CNT, and unzipping process of the formed CNT was observed, especially at long reaction time in a rich hydrogen atmosphere.
For the fixed catalyst pretreatment step (a flow hydrogen gas of 400 sccm for 60 min at 1000°C), and constant growth atmosphere composition ratio C 2 H 2 :H 2 (1:8), the highest yield of b-CNT was about 1823% for a reaction time of 60 min at 800°C. The highest quality of b-CNT (I D /I G = 0.24) was obtained for the carbon growth at 950°C for 15 min. G/ CNT hybrid structure started to be observed at a reaction time of 90 min at 800°C, then nearly complete transformation of b-CNT into multi-layers graphene (MLG) took place at a reaction time of 120 min. For reaction temperature at 950°C, G/ CNT hybrid structure was observed at an earlier reaction time (60 min) and complete transformation into MLG took place at a reaction time of 120 min.
For the observed many layer graphene structure, the highest yield obtained was about 3632% at reaction time 120 min at 800°C. The optimum conditions that gave the highest quality of graphitization (I D /I G = 0.338) and fewer layers (I 2D / I G = 0.567) was at reaction growth temperature 950°C for 60 min reaction time.
